INTRODUCTION
Recent studies demonstrating the prognostic significance of minimal residual disease (MRD) detection in childhood acute lymphoblastic leukemia (ALL) during remission induction have yielded a strong clinical implication for the management of these patients. [1] [2] [3] [4] [5] Currently, the most widely used, highly sensitive (1×10 -4 -1×10 -5 ) and specifi c methods, are immunophenotyping by multi parameter fl ow cytometry (FCM) and real-time quantitative PCR (RQ-PCR). [6] [7] [8] [9] The time point-dependent concordance of FCM and RQ-PCR has also been shown. 10, 11 Briefl y, FCM utilizes the aberrant phenotypic expression of leukemic cells to discriminate them from their normal counterparts. [12] [13] [14] The stability of the leukemia-associated immunophenotype (LAIP) during therapy infl uences the FCM sensitivity and specifi city. Such changes in the LAIP (also known as therapeutic immunophenotypic modulation, TIM) have continuously been described and include changes of the level of expression, acquisition or loss of lineage-associated antigens, or lineage switch. 15 These could lead to false negative FCM results. 16 Modern fl ow cytometers give the advantages of simultaneous staining with multiple immunophenotypic markers (> 6 colors) which could help prevent compromising the analysis. [17] [18] [19] Early clearance of leukemic cells during induction therapy of childhood acute lymphoblastic leukemia (ALL) is a basis for treatment optimization. Currently, the most widely used methods for the detection of minute residual malignant cells in the bone marrow and/or peripheral blood, minimal residual disease (MRD), are PCR and fl ow cytometry (FCM). Immunophenotypic modulation (IM) is a well known factor that can hamper the accurate FCM analysis. Aim: To report the IM detected by 8-color FCM during the BFM-type remission induction in 24 consecutive MRD-positive samples of children with B-cell precursor ALL and the possible implications for MRD detection.
Patients and methods:
Between 2010 and 2012 we prospectively followed up the MRD on days 15 and 33 of induction treatment in bone marrow (BM) samples and on day 8 in peripheral blood (PB). The IM was assessed by comparative analyses of the changes in the mean fl uorescence intensity of 7 highly relevant antigens expressed by the leukemic cells and normal B-lymphocytes. Results: IM occurred, to diff erent extents, in all analyzed day 15 BM and in most day 33 BM samples. Statistically signifi cant changes in the MFI-levels of four CDs expressed by the leukemic blasts were observed: downmodulation of CD10, CD19 and CD34 and upmodulation of CD20. No changes in the expression of CD38, CD58 and CD45 were noticed. Conclusions: Measuring the MRD by standardized 8-color fl ow cytometry helps improve the monitoring of the disease, leading to better therapeutic results. However, the IM of the diff erent antigens expressed by the leukemic blasts should be taken into consideration and cautiously analyzed. Folia Medica I 2016 I Vol. 58 I No. 1 I Article 4
AIM
In this fi rst Bulgarian childhood precursor B-cell ALL MRD study we report the immunophenotypic modulation detected by 8-color FCM during the BFM-type remission induction in 24 consecutive children with B-cell precursor ALL and the possible implications for MRD detection.
PATIENTS AND METHODS

PATIENTS
From December 2010 to December 2012, a series of 43 children with ALL were consecutively diagnosed and treated in the pediatric oncohematology departments of Plovdiv and Varna University Hospitals, Bulgaria. Leukemia associated phenotypes (B-and TCP) were detected in 40 and a total of 31 patients were systematically followed up. Of these, 24 subjects (13 girls, 11 boys, median age 7 yrs, range 17 mos -17 yrs), were included in this study according to the following criteria: 1. B-cell precursor phenotype; 2. LAIP, suitable for MRD analysis; 3. Flow cytometric MRD-positivity (a cluster of ≥ 30 cells with related characteristics) in the peripheral blood (PB) and/or in bone marrow (BM) follow-up samples. The study was approved by the institutional ethics committee and individual written informed consents were obtained by the patients' guardians. Flow cytometry was performed in the immunological research facility of the Plovdiv Medical University.
All these 24 patients received a BFM-type induction therapy. Later on the treatment continued according to the assigned risk group. Twenty-three patients were prednisone good responders (PGR) according to the protocol criteria (less than 1000 blasts/μl PB on day 8, as assessed by morphological evaluation). The prednisone poor responding (PPR) subject (morphologically more than 1000 blasts/μl PB on day 8) was also the only Pro-B ALL case, the rest being classifi ed as "common" or Pre-B ALL. Six patients were MRD negative ( < 0.01%) on day 33. Diagnostic non-malignant BM samples (n = 8) and BM from pediatric T-ALL patients (n = 7) undergoing the same treatment were used for comparisons. Twenty patients had a normal karyotype, translocation t(9;22) was found in two cases and translocation t(12;21) was also found in two out of the 24 analyzed patients as assessed by the initial molecular and cytogenetic screening.
FLOW CYTOMETRY
Both PB and BM samples were collected at diagnosis. Follow-up samples for MRD studies were collected from PB at day 8 and from BM at days 15 and 33. Leukemia-associated immunophenotypes were assessed by 8-color multiparametric FCM. The BCP-panel consisted of the following fl uorochromeconjugated antibodies: SYTO41 Pacifi c Blue/ CD45 Pacific Orange/ CD58 FITC/ CD10 PE/ CD34 PerCP-Cy5.5/ CD38 PE-Cy7/ CD19 APC/ CD20 APC-Cy7. Antibodies to CD45 and SYTO41 were provided by the local representative of Molecular Probes, Invitrogen, and the rest -by the local representative of Becton Dickinson (BD, USA).
Stain-lyse procedure was used. Briefl y, BM or PB sample was incubated with the antibodies for 15 min at room temperature. For red blood cell lysing, 2 ml of 1:10 demineralized water-diluted commercially available solution (BD Lysing solution, 10x concentrate) was added for 10 minutes. Specimens were centrifuged at 400 G, 4°С (1400 rpm) for 10 min. Then the pellet was washed in phosphate-buffered saline (PBS), again centrifuged and finally the pellet was resuspended in 0.5 ml of PBS. The cell-permeant, live-cell nucleic acid fl uorochrome SYTO 41 was added prior to measurement, in order to exclude residual nonnucleated erythroid cells, thrombocytes, or debris. All samples were processed within 24 to 48 h after collection. At diagnosis and on day 8 a total of 100 000 SYTO41+ cells were collected. In order to achieve a sensitivity of at least 1×10 -4 on day 15 the cell input was increased to 300 000 SYTO41+ events, and on day 33-one million SYTO41+ events were collected. Cell acquisition and the following analyses were performed using a BD FACS Canto II fl ow cytometer (BD, USA), in 4-2-2 confi guration (405, 488 and 635 nm) with BD FACS Diva v. 6.1.3 software. Due to the low number of cases instrument setup was carried out at the beginning of each acquisition day (no less than once weekly) using the BD Cytometer Setup and Tracking (CST) Beads and the cytometer's CST module.
GATING STRATEGY
Combined immunological gate: CD19 expressionbased and by a physical parameter (90° side scatter) was used for the initial B-lineage restriction (Fig. 1) . Then leukemic cells were discriminated from the normal B lymphocytes on the basis of leukemia-associated immunophenotypes (i.e. overexpression of antigens such as CD10, CD34, CD58, CD38 and/or underexpression of CD20 and CD45). Antigen expression was quantifi ed using the mean fl uorescence intensity (MFI) values, measured by the cytometer.
STATISTICAL ANALYSIS
The Wilcoxon signed ranks test was used to compare the median MFI values at diagnosis and at follow-up time points. The results of the quantitative variables are indicated as an arithmetic mean or a median. Comparison of quantitative variables between two groups was performed by independent T-test or Mann-Whitney U test and for more than two groups -using One-Way ANOVA. The adopted signifi cance level was p < 0.05. Box-and whisker plots and run charts are used for descriptive purposes.
RESULTS
MODULATION IN LEUKEMIC CELLS
We examined the median MFI values of seven highly relevant antigens -CD10, CD20, CD34, CD38, CD58, CD19 and CD45, expressed by the leukemic blasts in the MRD positive samples. As an internal control we analyzed the changes of the forward scatter (FSC) and side scatter (SSC) properties of the leukemic cells. Moreover, we also checked the expression of CD19, CD20, CD45 and CD58, FSC and SSC of the residual normal CD19+ cells in each sample. Paired samples from diagnosis and early follow-up from 24 consecutive B-cell precursor ALL cases (PB: day 0 -day 8; BM: day 0 -day 15, day 15 -day 33 and day 0 -day 33) were investigated. Immunophenotypic modulation occurred, to different extents, in all analyzed day 15 BM samples and in most day 33 BM samples compared to diagnosis. We observed statistically signifi cant changes in the MFI levels of four CDs expressed by the leukemic blasts: CD10, CD20, CD34 and CD19 (Fig. 2) . Downmodulation of CD10 was noticed in the interval day 0 -day 33, predominantly in the second half-after day 15 (Z: -3.007; P = 0.003). Signifi cant downmodulation was also seen for CD34 on day 15 (Z: -3.425; P = 0.001) and on day 33 (Z: -2.213; P = 0.027) in BM. By contrast, small but stable upmodulation was detected for CD20 both on day 15 (Z: 1.964; P = 0.05) and on day 33 (Z: 1.891; P = 0.05). Curiously, CD19 showed signifi cant upmodulation on day 15 (Z: -2.16; P < 0.001), but later on day 33 we noted a steep downmodulation (Z: -4.02; P < 0.0014). On the other hand, expression of CD58, CD45 and CD38 was not signifi cantly changed at all time points. Analyses for the same antigens by comparing PB samples at diagnosis and at day 8 yielded very similar results: CD34 downmodulation (Z: -2.89; P = 0.004), CD19 (Z: -2.44; P = 0.015) and CD20 (Z: -2.84; P = 0.005) upmodulation; no changes for CD38, CD45 and CD58. Of note, there was also no modulation detected for CD10 (Z: -0.23; P = 0.82). Scattergram (FSC vs. SSC) analyses of the leukemic cells confi rmed that these blasts were always situated in the viable cells' regions. Furthermore, no signifi cant changes in their FSC and SSC linear channel values, measured both at diagnosis and on follow-up, were seen. An example of IM as seen on the dot plots is given in Fig. 4 .
MODULATION IN NORMAL RESIDUAL CELLS
There was a statistically signifi cant reduction in the proportion of leukemic cells among total CD19+ population (day 0 -day 33; Z:-3.82; P < 0.001), the greatest being during the fi rst two weeks of induction treatment (Z:-4.11; P < 0.001): day 0: 86.49%; day 15: 19.55%; day 33: 4.93%. Therefore suffi cient counts of normal CD19+, CD10 low/-, CD20++, CD38-, CD34-, CD45++ B-lymphocytes for analysis were present at any time point of the study. Accordingly, we examined whether only the leukemic population is subjected to IM, by analyzing the variations in the expression of CD19, CD20, CD58 and CD45 by the normal residual B-cells. As shown in Fig.  3 , the antigen expression patterns of normal mature B cells frequently appeared to undergo modulation. Statistically signifi cant downmodulation of CD19 was found between day 15 and day 33 (Z: -2.66; P = 0.008) (Fig. 3) . In terms of CD20 and CD45, signifi cant upmodulation was noted both on day 15 (CD20 Z: -3.59; P < 0.001 and CD45 Z: -3.23; P = 0.001) and on day 33 (CD20 Z: -3.81; P < 0.001 and CD45 Z: -2.98; P = 0.003). The expression of CD58 by the normal residual B-lymphocytes showed substantial downmodulation in both time points: day 15 (Z: -3.46; P = 0.001) and day 33 (Z: -2.21; P = 0.03). Similarly, day 8 PB results were compared to those from diagnosis and modulation of the same pattern was noted.
DISCUSSION
Immunophenotypic modulation of the leukemic cells during chemotherapy is a well-known phenomenon which could hamper the MRD analysis. This fi rst Bulgarian pediatric ALL MRD prospective study reports changes in the median MFI-values of four of the analyzed CD-markers during the induction, although some data vary in a time-point aspect as compared to data published so far. [20] [21] [22] Differences concern the downmodulation of CD10 that has been detected mostly after day 15 and persists in all day 33 MRD-positive samples. The upmodulation of CD19 is verifi ed on day 15, followed by a signifi cant downmodulation on day 33. Changes in the modulation of CD34 and CD20 are similar to those already reported in other studies, as well as the stable expression of CD58 detected on day 15. Additionally, no statistically signifi cant modulation was also found for CD38 and CD45. Taken together, knowing the usual pattern of the different CDs' MFI changes during the induction therapy is of crucial importance and could help facilitate the differentiation of the MRD-population in cases with concurrent modulation of one or several antigens.
In this study we have not investigated directly the possible mechanism unlocking the IM, although we favour the hypothesis that it could be druginduced, specifi cally by the corticosteroids, which are known regulators of gene transcription. In line with this, we observed IM as early as on day 8 in PB (after 7 days of prednisone and a single intrathecal injection of methotrexate). Moreover norm al mature B cells in our study were also subjected to IM to some extent and these fi ndings are in line with those of earlier studies. 23 A possible demerit of the study is the difference in the expression of CD45, CD19 and CD58 on day 33, compared to those found in earlier studies. [22] [23] [24] We assume that the relatively low number of MRD-positive patients at the end of the induction could have biased these specifi c results and warrant further research. On the other hand, variable CD binding, diverse antibody conjugates, distinct lysing procedure and the fl ow cytometer type with its compensation settings could also lead to such changes in measured MFI-values. High quality analyses require strict implementation of the internationally accepted standards for flow cytometric ALL MRD detection. [25] [26] [27] [28] [29] That is why we applied uniform staining and lysing procedure, by using commercially available monoclonals and lysing solution in quantities recommended by the manufacturer. Stability of the fl ow cytometer was checked weekly using standard BD FACS CST kit and BD FACS 7-Color setup beads and showed no faults. Uniform gating strategy was accepted. In our case divergent results could probably be explained by the different cell clones used. Unfortunately, we could not prove it by simultaneous staining with another conjugates of the same CDs due to limited resources.
An advantage of our panel, similarly to Dworzak et al., 2002 , is the acquisition based on the specifi c live-cell-permeant nucleated-cell dye Syto41® positivity, which together with the FSC and SSC parameters ensures that changes in the expression of antigens (hence TIM) are not a consequence of non-specifi c abstraction of fl uorophores by debris. Additionally, we also looked for and visually ruled out MRD-subclone selection.
Chemotherapy leads to changes in the antigen expression of both the leukemic population (CD10+/++, CD20low/-, CD38++, CD34+/++, CD45low/-), and the remaining mature B-lymphocytes (CD10 low/-, CD20++, CD38-, CD34-, CD45++, CD19+). 23, 32 In the present study, we found a fi ve-fold higher level of upmodulation of CD20, two-fold higher upmodulation of CD45 and signifi cant downmodulation of CD58 expressed by the B-lymphocytes when compared to that of the leukemic cells. This favoured the visual differentiation of the MRDpopulation that remained outside the areas usually occupied by the "normal" cells in all dot plots. It has been shown that increasing the number of CD-antibodies (≥ 6) in a single strategic, one-tube combination, could further increase the specifi city and sensitivity of the analysis up to 1×10 -5 and reduce the risk of false negativity due to the IM or cell loss. 2, 25, 31 Based on the variegated immunophenotypic modulation of malignant and normal B-lymphocytes during the early induction therapy and by using 8-color fl ow cytometry we were able to unambiguously distinguish the MRD-population in all samples relying on at least 4 different CD markers with known pattern of modulation.
CONCLUSIONS
Our results confi rm the presence of specifi c immunophenotypic changes occurring during the induction treatment of children with ALL. Dominating steroids in this phase could have triggered this phenomenon and researchers and routine laboratory workers should take it into account. The proposed standardized 8-color combination is suitable for multiparametric FCM detection of MRD in children with ALL, while minimizing the negative impact of TIM, and increasing the sensitivity of the analysis. Further identifi cation of new leukemia markers which are easily detectable and are stably expressed in ALL cases could help discriminate reliably leukemic blasts from normal regenerating and mature cells, and therefore could improve MRD studies and extend the benefi t to all patients. 
